In this paper, an independently tunable linearizer (ITL) is proposed to offer a continuous tuning and individual compensation of AM/AM and AM/PM distortion of power amplifiers (PAs). Two new operating modes of linearizer have been extended from conventional linearizer which has a correlated expansion characteristic of gain and phase, a derivative factor of the linearizer's forward S-parameter is presented to characterize the modes and aided the ITL design. By synthesizing these modes, an ITL prototype is designed and fabricated at a center frequency of 3.5 GHz. The restrictions of the derivative factors during the design are analyzed and presented first, then the ITL is tested with a continuous wave (CW) and several Long Term Evolution (LTE) signals with different bandwidth and Peak to Average Power Ratio (PAPR), respectively. The results show that the independent tuning range of AM/AM and AM/PM is measured by more than 3.4 dB and 33 degrees, and the ITL can significantly improve the linearity of PAs with wideband stimulated up to a bandwidth of 55 MHz. Two different PAs achieve over −40 dBc of Adjacent Channel Power Ratio (ACPR) with the ITL. Furthermore, the power consumption of ITL is less than 0.5 W, the performance improvement does not increase the cost compared to conventional analog linearization.
I. INTRODUCTION
With the massive growth of wireless communication systems, the higher efficiency is especially important for environmental and economic considerations [1] - [3] . Power amplifiers (PAs) consume the majority of power in the system. Usually, nonlinear PAs operate in the peak-power (saturation) region to achieve maximum power efficiency, but the price paid that comes with is the serious deterioration of linearity, the deterioration would degrade the communication quality which is unacceptable. Therefore, the external linearization techniques for PAs are a cure for the problem.
Various linearization theories are used to improve the linearity of PA, such as feedback, feedforward, digital predistortion (DPD), and analog linearization [2] - [5] . In recent The associate editor coordinating the review of this manuscript and approving it for publication was Xiaoguang ''Leo'' Liu.
years the analog linearization technique is getting attention because of its simple implementation, wide dynamic range, and low cost, but its performance is limited, the linearizer cannot accurately compensate the nonlinearity of PAs.
Several new methods of analog linearization are investigated to improve its performance. In [6] , a power-scalable wideband linearization technique by parallelly adding a linearization amplifier (LA) at the output of the main PA is proposed, using this method, a good performance and a wide working bandwidth of more than 160 MHz are achieved at 0.85 GHz, the power consumption reduces from several watts of conventional DPD system to 1.6 W of the LA under the same linearity. Then the same method is used to linearize a Doherty PA, and it makes a good performance too in [7] . However, the proposed topology of [6] , [7] is extremely sensitive to the time delay between main PA and LA, it is a challenge for the design and control of the system, and it limits the LA's bandwidth. A transistor based linearizer is proposed which composed of a linear PA and an error PA in [8] , but the addition of two transistors increases the power consumption and cost of the entire system. Furthermore, the method of [6] - [8] requires that the linearizer must be co-designed with PA to achieve excellent performance, this would limit the flexibility of linearizer design and use.
With the wide application of the massive MIMO technology in next-generation mobile communication systems, the number of transmitting channels and PAs has increased dramatically [1] , [9] - [11] . Even the same PAs can produce different nonlinearities due to the channel response and manufacturing variability, it is especially difficult to use conventional analog linearization methods which need co-design with PA in this scenario. In order to increase the adaptability of the linearizer to different nonlinearities, some researchers have tended to focus on improving the tuning accuracy of conventional linearizers. An independently controllable AM/AM and AM/PM predistortion linearizer is investigated in [12] , the method combines two linearizers in parallel to independently control AM/AM and AM/PM conversion. An X-band predistortion linearizer by combining a FET with a Schottky diode is proposed in [13] , but only the gain characteristic can be independently tuned. In [14] , a linearizer with phase tuner is proposed, the tuner can achieve fine control of the phase characteristic without changing the gain characteristic of the conventional linearizer. In [15] , a linearizer based on symmetrical dual-branch vector synthetic topology is investigated, by tuning the linear and nonlinear branch, the independent tuning function of gain and phase characteristics is achieved. Since the independent tuning function in [15] is controlled by a combination of two voltages, the linearizer is difficult to tune the gain and phase characteristics continuously and accurately, moreover, it can hardly be used to linearize the system with only AM/AM or AM/PM distortion.
In this paper, the operating mode of conventional linearizer which has a correlated expansion characteristic of gain and phase is analyzed, and extended by adding passive network, a derivative factor of the linearizer's forward S-parameter is proposed to characterize these modes, then a π-type network is used to further increase the available range of linearizers with extended operating modes. By using these modes, an independently tunable linearizer (ITL) is designed and measured at 3.5 GHz. The restrictions of the derivative factors during the design are analyzed and presented. The ITL is first tested with a continuous wave (CW) to measure the independent tuning range, then two different PAs are linearized by ITL with several Long Term Evolution (LTE) signals stimulated to verify the linearization performance, an excellent linearity of the linearized PAs (LPAs) is obtained to prove the potential of the ITL. This paper is organized as follows. First, the detailed analyses of conventional linearizers and extended operating modes are presented in Section II. Based on these modes, the design strategy and simulation results of proposed ITL is provided in Section III. Finally, the measurement setup and results of the ITL are given in Section IV.
II. LINEARIZER WITH EXTENDED OPERATING MODES A. ANALYSIS OF CONVENTIONAL SINGLE DIODE LINEARIZERS
For conventional linearizers with single parallel Schottky diode [13] , [16] - [18] , it can be simply equivalent to a power-dependent impedance function Z D (P) as shown in Fig. 1 . Using this function, an RF large signal equivalent circuit can be derived from (1) and (2):
).
(2) The amplitude and phase characteristics of Fig. 1 (c) are equal to the following [19] :
where Z 0 is the characteristic impedance reference. Since the real part of S 21 is positive, the S 21 ranged from −π/2 to π/2 which equal to the range of arctangent function, so the situation that S 21 = arctan(•) ± π can be ignored. With the increase of input power, the clipped current wave leads to increased rectified current I r , so the bias point moves from small signal to large signal [16] . Meanwhile, the G d (P) and ωC j (P) decrease with the input power increases as shown in Fig. 2 . It is obvious that with the input power increases, |S 21 | shows expansion characteristic, but the trend of S 21 is difficult to determine.
B. DERIVATIVE FACTOR OF LINEARIZER
To analysis phase characteristic of the circuit, the derivative with respect to input power P is used to estimate the trend. The positive derivative of S 21 means the phase shows expansion characteristic and vice versa.
Since the tangent and arctangent function is monotonically increasing, the derivative of tan S 21 has similar trend with S 21 . The derivative can be expressed as follows:
A phase derivative factor F ph is defined to evaluate the phase characteristic with input power changed in a form such as:
Like the definition of F ph , the amplitude derivative factor F amp can be obtained to simplify the analysis below:
The equivalent G d (P) and ωC j (P) as shown in Fig. 2 can be fitted to a power series for ease of calculation. Using (6) and (7) , the derivative factor of phase and amplitude can be calculated, respectively. Fig. 3 shows the normalized derivative factor of a single diode, the results reveal that there has been a continuous expansion characteristic of |S 21 | and S 21 over the entire input power range. 
C. EXTEND THE OPERATING MODE OF LINEARIZER
In order to facilitate the analysis of the following, the conventional linearizer with expansion characteristic of gain and phase is defined as Mode I linearizer. Others operating modes can be derived by extending the Mode I.
A transmission line with characteristic impedance R 0 and electrical length E can be used to transform the Z D (P) to a desired power-dependent impedance function as shown in Fig. 4 . The transformed impedance Y D,new is written in the following: According to (1), (2) and (8), the transformed equivalent G d and ωC j can be given by (9)- (10) , as shown at the bottom of this page.
The new derivative factor can be calculated by the insertion of (9)-(10) into (6)- (7):
By using different R 0 and E, various gain and phase characteristic of linearizer can be obtained. The extended operating modes with different R 0 and E are presented in Fig. 5 . When the characteristic impedance or electrical length is 0, it is considered that there is no transmission line. The mode with expanded gain and compressed phase characteristic is defined as Mode II, another mode with compressed gain and expanded phase characteristic is defined as Mode III. The comparison between different operating modes of linearizer using in this work is given in Table 1 . As can be seen from Fig. 5 , the R 0 and E using to extend operating mode are not uniquely determined, and some values can make the characteristic of gain and phase not monotonic over the entire input power range, designers can choose more operating modes of linearizer according to their need. In addition, since the available R 0 and E of Mode II is less, the optional Mode II linearizer is limited, a π-type network is used to get more available values.
D. π -TYPE NETWORK
A π-type network is used to further increase the available range of linearizers with extended operating modes, two diodes with different R 0 and E for mode extension and a cascade transmission line are used to implement the preset function of each mode as shown in Fig. 6 [19] . The S 21 of the cascade system is given in a form such as:
where X 0 and Y 0 are given by (14)- (15) , as shown at the bottom of this page. The G d1 , G d2 , ωC j1 and ωC j2 are the transformed equivalent circuit impedance of two diodes with different R 0 and E, R line and θ are the characteristic impedance and electrical length of the added series transmission line respectively. The derivative factor of the π-type network can be expressed as:
where the derivative of X 0 and Y 0 are given by (18)-(19), as shown at the bottom of the previous page. By using two extended linearizers and a cascade transmission line, the available linearizers with extended operating modes has been dramatically increased.
III. ITL DESIGN AND SIMULATION
From previous analysis, an ITL is proposed by combining different operating modes as given in Table 1 . The proposed ITL consists of two separate parts: Linearizer with independent phase tuning (Part I) and with independent gain tuning (Part II). In this section, the design process of the two parts is presented respectively.
A. PART I: LINEARIZER WITH INDEPENDENT PHASE TUNING 1) PRINCIPLE OF IMPLEMENTATION
Throughout the entire design flow, the Part I should be considered first because it has a constant insertion loss, the input power range of Part II can be directly calculated by the range of the whole system and the insertion loss. If Part II is designed first, the calculation will be more complicated.
The linearizers of Mode I & III are used to realize the independent phase tuning. Fig. 7 (a) shows the schematic of Part I, two 3-dB Wilkinson power dividers (WPDs) are used to separate and synthesize the signals. The principle of independent phase tuning is shown in Fig. 7(b) , the characteristics of inverse gain and similar phase expansion are obtained by using Mode I & Mode III linearizers, the synthesized system shows a constant gain and expanded phase characteristics. A control voltage V ph is used to tune the phase characteristic of linearizers, since the control voltage provides equal DC bias for all diodes, the Part I shows a continuously tunable phase characteristic with the voltage changed.
2) DESIGN STRATEGY
For a system as shown in Fig. 7(a) , considering an input signal of the form v in e jωt , the S 21 of Mode I & Mode III linearizers are denoted as G 1 e jϕ 1 and G 3 e jϕ 3 , respectively. The output signal of the Part I can be given by
The gain and phase characteristics of Part I can be written as follows:
In order to achieve the independent phase tuning shown in Fig. 7(b) , the phase difference between Mode I & Mode III linearizers should be constant which means the phase derivative factors of two modes are equal, this restriction is recorded as Condition 1:
where F ph1 and F ph3 are the phase derivative factors of Mode I & Mode III linearizers respectively. A phase compensation line can be used to adjust the phase difference to 0, i.e., ϕ 1 = ϕ 3 . The (21)-(22) can be rewritten as
To keep the gain characteristic constant, the value of (24) should be a constant which means the amplitude derivative factors of two modes are additive inverse, this restriction is recorded as Condition 2:
where F amp1 and F amp3 are the amplitude derivative factors of Mode I & Mode III linearizers respectively. The characteristics of the constant gain and expanded phase can be obtained when Condition 1 and Condition 2 are satisfied together. Since the bias could be seen as a DC signal added to the input signal, by tuning the bias voltage, the S 21 of Part I will shift on the power axis, the gain characteristic keeps constant, and the phase characteristic can be continuously tunable.
3) LAYOUT AND SIMULATION
To verify the proposed method, a linearizer with independent phase tuning is designed and simulated at 3.5 GHz. Two operating modes of Part I using in this section are shown in Fig. 8(a) , the values of R 0 and E are also given by electrical size, the derivative factor of the modes can be derived from (9)-(12) and (16)- (19) , it can be seen from Fig. 8(b) that the Condition 1 and Condition 2 are satisfied, the two modes can be used to realize the independent phase tuning.
After converting the ideal transmission lines to actual microstrip lines and optimizing the physical size, the schematic of the final Part I prototype design is given in Fig. 9 . Two capacitors of 9.1 pF are used as DC-block, the control voltage V ph is applied to the Part I through a bias circuit consists of a choke inductor of 33 nH, a filter capacitor of 8 pF, and a current limiting resistor of 500 , equal DC bias can be added to all diodes via microstrip lines and WPDs. Broadband WPDs are used in this work which can avoid the limitations of the broadband performance of the ITL. The schematic of used WPDs is also given in Fig. 10 . The final simulation results are given in Fig. 11 , as can be seen from the figure, the red lines illustrate the normalized phase error (NPE) which normalizes the small signal phase error to 0 • , and the blue lines illustrate the gain characteristics of Part I. The V ph is changed from 0 V to 3 V, the independent phase tuning range is obtained by more than 30 • within the maximal gain ripple of 0.8 dB. 
B. PART II: LINEARIZER WITH INDEPENDENT GAIN TUNING 1) PRINCIPLE OF IMPLEMENTATION
Similar to the design process of Part I, the Part II uses two linearizers of Mode I & II to realize the independent gain tuning, note that the Mode I linearizer in Part II is different with in Part I. Fig. 12 shows the schematic of proposed linearizer and the process of independent gain tuning, the characteristics of inverse phase and similar gain expansion are obtained by using Mode I & Mode II linearizers, the synthesized system shows a constant phase and continuously tunable gain characteristic with the voltage changed. The conditions which make the phase characteristic constant and gain characteristic continuously tunable is presented first. 
2) DESIGN STRATEGY
The same method is used to analyze Part II, in order to achieve the independent gain tuning shown in Fig. 12(b) , the gain characteristics of Mode I & Mode II linearizers should be equal, i.e., G 1 = G 2 = G 0 , that also means the amplitude derivative factors of two modes are equal, this restriction is recorded as Condition 1:
where F amp2 is the amplitude derivative factors of Mode II linearizer. The gain and phase characteristics of Part II can be VOLUME 7, 2019 rewritten as follows:
To keep the phase characteristic constant, the value of (29) should be a constant, which means the phase derivative factors of two modes are additive inverse, this restriction is recorded as Condition 2:
where F ph2 is the phase derivative factors of Mode II linearizer.
It should be noted that the G P2 in (28) is sensitive to the cos(ϕ 1 − ϕ 2 ), so in some cases, a phase compensation line is needed to adjust the phase difference between two modes to make G P2 useful. The characteristics of constant phase and expanded gain can be obtained when Condition 1 and Condition 2 are satisfied together.
3) LAYOUT AND SIMULATION
Then a linearizer with independent gain tuning is designed and simulated at 3.5 GHz. Two operating modes of Part II using in this section are shown in Fig. 13(a) , the values of R 0 and E are also given by electrical size, the derivative factor of the modes is shown in Fig. 13(b) , it can be seen that the Condition 1 and Condition 2 are satisfied, the two modes can be used to realize the independent gain tuning. The schematic of the final Part II prototype design is given in Fig. 14. The simulation results of Part II are given in Fig. 15 . As shown in Fig. 15 , the red lines illustrate the NPE and blue lines illustrate the gain characteristics of Part II. The V ph is changed from 0 V to 4 V, the independent gain tuning range is obtained by more than 3.3 dB within the maximal phase ripple of 2 • .
IV. EXPERIMENTS
The proposed ITL is fabricated and tested at 3.5 GHz. The substrate is Rogers RT/duroid 5880 (ε r = 2.2, H = 20 mil). In this section, the Part I & II are first tested with CW by using vector network analyzer ZVA-50 of Rohde & Schwarz (R&S) respectively, then the Part I & II are tested with CW after cascading, finally the ITL is used to linearize two different PAs stimulated with wideband signals by using vector signal generator SMW200A and vector signal analyzer FSW-43 of R&S to verify the linearization performance.
A. MEASUREMENT USING CW
The Part I is first tested using ZVA-50, the photograph of fabricated Part I is shown in Fig. 16 . The scanning power of ZVA-50 is set from −20 dBm to 10 dBm at 3.5 GHz. The measured NPE and gain characteristics are depicted in Fig. 17 , the meaning of the lines is similar to Fig. 11 . With tuning of V ph from 0 V to 3 V, the independent phase tuning range is obtained by more than 33 • within the maximal gain ripple of 0.6 dB. The comparison between simulation and measurement results of Part I is given in Table 2 .
Then the Part II is tested, the photograph of fabricated Part II is shown in Fig. 18 . The scanning power of ZVA-50 is set from −25 dBm to 5 dBm at 3.5 GHz because of the insertion loss of Part I. The measured NPE and gain characteristics are depicted in Fig. 19 , the meaning of the lines is similar to Fig. 15 . With tuning of V amp from 0 V to 4 V, the independent gain tuning range is obtained by more than 3.4 dB within the maximal phase ripple of 2.4 • . The comparison between simulation and measurement results of Part II is given in Table 3 .
Finally, the Part I & II are tested after cascading, the detailed connection is similar to Fig. 21 . The difference between the simulated and measured insertion loss of Part I is about 0.4 dB, the insertion loss of the isolator between Part I & II is about 0.3 dB, the total loss of 0.7 dB has little effect on the preset input power range of Part II, so the ITL can fully demonstrate the independent tuning function of Part I & II. A comparison with some previous independently tunable predistorters is given in Table 4 . As can be seen from the Table 4 , under the premise of sufficient independent tuning range of gain and phase characteristics to linearize PAs, the ITL can implement continuous tuning and individual compensation of AM/AM and AM/PM distortion.
B. LINEARIZATION OF PAs
To verify the linearization performance and adaptability of the proposed ITL, two PAs with the same operating modes and different nonlinearities are used to be linearized which stimulated with wideband signals at 3.5 GHz. The transistor CGH40010 of Wolfspeed is used to design the two PAs, the drain voltage of the two PAs is set at 28 V, the gate voltages of PA1 and PA2 are set at −2.4 V and −2.25 V to get the same drain quiescent current of 310 mA, the measured performance of the two PAs with CW at 3.5 GHz is presented in Fig. 20 .
The laboratory setup of the linearization process is shown in Fig. 21 . The computer controls and reads the voltage values of programmable DC power to tune the ITL, transmits the IQ data to SMW200A and receives the data from FSW-43 to measure the characteristics of the whole system, respectively. Two isolators are used for impedance match, one between Part I and Part II, another between the driver amplifier and PA1 or PA2. Typically, linearizer requires a non-negative gain at its maximum input power to ensure that the input range of the system is not expanded. In this work, the maximal insertion loss of Part I at its maximum input power is about 5.6 dB, the maximal insertion loss of Part II at its maximum input power is about 6 dB, the loss of the isolator between Part I and Part II is about 0.3 dB, so the total loss of the ITL is about 11.9 dB. A small signal amplifier (SSA) Gali-84+ of Mini-Circuits with a gain of 15 dB and good linearity is used to compensate for the insertion loss of ITL, its bias voltage and current are 8 V and 50 mA during the whole input power range, respectively. Considering the control currents of Part I and Part II are all less than 15 mA, the total power consumption of the ITL which makes its maximum gain non-negative is less than 0.5 W. A driver amplifier is biased in Class-A condition to show good linearity, the SSA, driver, and PA1 or PA2 are used as one last stage amplifier to under test together. A 40 dB attenuator is used to protect the FSW-43.
The PA1 is first linearized. Three scenarios with different input signals are used to verify the performance. Fig. 22(b) shows that the AM/PM distortion of PA1 is weak, so only Part II is used to linearize the PA1. Adjacent Channel Power Ratio (ACPR) is used to evaluate the nonlinearity of PA. As the ACPRs of the lower band and the upper band are very close in this section, only the lower band results are presented. The ACPR of PA1 when the average output power is 37 dBm without the Part II is −31.6 dBc. After using Part II, by tuning the control voltage V amp , the lowest ACPR of −44.5 dBc is found at 1.9 V, which keeps average output power constant. The AM/AM and AM/PM of LPA1 and Part II are also given in Fig. 22 . The power spectral density of PA1, LPA1, and original signal using in SMW200A are shown in Fig. 23(a) .
• Scenario 2:
The test signal is an LTE signal, which bandwidth is the same as Scenario 1. PAPR of this signal is 7.04 dB. The experimental data are sampled with an average output power of 36 dBm, the peak output power of PA1 and LPA1 are 41.5 dBm and 42 dBm, respectively. As a comparison, the power spectral density of Scenario 2 is given in Fig. 23(b) . The ACPR reduces from −30.0 dBc to −41.1 dBc with V amp of 2.5 V. The experimental data are sampled with an average output power of 36 dBm, the peak output power of PA1 and LPA1 are 41.4 dBm and 42 dBm, respectively. The power spectral density of Scenario 3 is given in Fig. 23(c) . The ACPR reduces from −29.5 dBc to −39.0 dBc with V amp of 2.6 V.
Then PA2 is tested in Scenario 1, 2 & 3, respectively, the test signals are same as PA1, since the maximal output power of PA2 is less than PA1, the output power under the test of PA2 is less than PA1 in all scenario. The ITL is used to linearize the PA2 with AM/AM and AM/PM distortion.
• Scenario 1: The experimental data are sampled with an average output power of 36 dBm, the peak output power of PA2 and LPA2 are 40 dBm and 40.5 dBm, respectively. The AM/AM and AM/PM of PA2, LPA2 and ITL are shown in Fig. 24 . The power spectral density of Scenario 1 is given in Fig. 25(a) . The ACPR reduces from −33.5 dBc to −45 dBc with V amp of 1.4 V and V ph of 0.29 V.
• Scenario 2: The experimental data are sampled with an average output power of 35 dBm, the peak output power of PA2 and LPA2 are 40.4 dBm and 41 dBm, respectively. The power spectral density of Scenario 2 is given in Fig. 25(b) . The ACPR reduces from −31.5 dBc to −40.4 dBc with V amp of 1.8 V and V ph of 0.37 V.
• Scenario 3: The experimental data are sampled with an average output power of 35 dBm, the peak output power of PA2 and LPA2 are 40.5 dBm and 41 dBm, respectively. The power spectral density of Scenario 3 is given in Fig. 25(c) . The ACPR reduces from −31.9 dBc to −40 dBc with V amp of 1.7 V and V ph of 0.35 V.
C. BROADBAND PERFORMANCE VERIFICATION
Although the ITL is designed and simulated at 3.5 GHz, it can work within broadband. The ITL is first tested in different frequencies using ZVA-50. The results show that the ITL can work from 3.4 to 3.6 GHz with independent gain tuning range of 3 dB within maximal phase ripple less than 3 • , and independent phase tuning range of 30 • within maximal gain ripple less than 1 dB. The Part I shows good performance over 400 MHz about 3.5 GHz, but the insertion loss is too large to match the input power range of the Part II in some frequencies. The measured NPE and gain characteristics of 3.4 GHz and 3.6 GHz are depicted in Fig. 26 . Then a new scenario is built for PA2 to further verify the broadband Performance of the ITL.
• Scenario 4: The test signal has a bandwidth of 55 MHz and a PAPR of 7.5 dB. The signal consists of two different 5 MHz LTE signal, the carrier frequencies of the two bands are 3.45 GHz and 3.5 GHz, respectively. Due to the gain of PA2 is not flat, the experimental data are sampled with single band average output power of 33.6 dBm at 3.45 GHz and 31 dBm at 3.5 GHz, respectively. The power spectral density of Scenario 4 is given in Fig. 25(d) . The ACPRs of two bands reduce from −33.1 dBc to −41.5 dBc at 3.45 GHz and from −30.8 dBc to −40.5 dBc at 3.5 GHz with V ph of 0.44 V and V amp of 3.2 V. A comparison with some recent analog linearization works for PA is given in Table 5 . Considering the linearization performance, power consumption, working bandwidth, and design complexity, the method of ITL is comparable to state of the art.
In addition, not only the ITL can show good performance in the linearization of conventional PAs, but the Part I & II can also be applied to some special scenes which are difficult for conventional analog linearization using nonlinear components. The Part I can be added to the front end of conventional predistorter to provide independent tuning function because of its constant loss, the gain characteristic can be modified by tuning the predistorter and the Part I can be used to keep the phase characteristic. For the PAs without AM/PM distortion like PA1 in this paper, the Part II can be used alone to improve the linearity, it is difficult to compensate the AM/AM distortion only by conventional analog linearization. 
V. CONCLUSION
In this paper, an ITL based on extended operating modes of linearizers is proposed and analyzed. To verify the method, a prototype is designed and fabricated at a center frequency of 3.5 GHz. Measurement results show that the independent and continuous tuning range of ITL is obtained by more than 33 • and 3.4 dB, and the ITL can significantly improve the linearity of PAs with wideband signals stimulated with up to the bandwidth of 55 MHz. When stimulated by several LTE signals, two different LPAs achieve over −40 dBc of ACPR, the results reveal that the ITL has flexibility and universality of design and use which is scarce for conventional analog linearization. Furthermore, the performance improvement does not increase the power consumption and cost of ITL compared to conventional analog linearization. The ITL has proven to have potential in future communication systems.
